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INTRODUCTION 

This  investigation  of  the  effects  of  variation  in 
the  compositions  of  ground  coats  for  sheet  iron  enamels  was 
prompted  by  the  decided  lack  of  information  regarding  them 
in  ceramic  literature.     This  is  especially  true  in  regard 
to  the  use  of  cobalt,  nickel,  manganese  and  iron  oxides, 
altho  most  enamel  chemists  have  long  recognized  the  value 
of  these  constituents. 

The  ground  coat  which  is  the  vital  part  of  every  piece 
of  enameled  ware  may  be  defined  as  that  coat  which  is  appli- 
ed directly  to  the  steel.     Thus  it  is  the  one  forming  the 
bond  between  the  steel  and  the  cover  coats  of  enamel.  It 
is  essential  that  the  ground  coat  have  two  distinct  proper- 
ties; first,  a  good  bond  with  the  metal;  and  second,  a  melt- 
ing temperature  higher  than  that  of  the  subsequent  coats. 

REVIEW  OF  LITERATURE. 

Investigations  along  this  subject  have  been  contribu- 

1 

ted  to  the  various  publications  by  J.  B.  Shaw,  Dr.  Vondracek 

5  4 
Srunwald  and  F.  Menzel. 

The  most  complete  study  of  ground  coats  is  that  of 

1.  Reference  No.  1 

2.  Reference  No.  2 

3.  Reference  No.  3 

4.  Reference  No.  4 
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J.  13.  Shaw.     While  he  did  not  attack  the  problem  os  metallic 
oxides  with  any  degree  of  comnleteness ,  yet  he  obtained  some 
excellent  results  on  the  remaining  constituents  of  the  first 
coats.     They  may  be  summarized  briefly  in  the  following  mole- 
»  cular  formula. 

KpO  15  to   .75  ::quiv.  ) 

Ka20   0     "   .6  "       )  A1203)   Si02  1.1  to  1.7 

CaO  14     "   .64        "       ).l--5  )  B203     .2     "  .5 

MnO  ) 

In  his  investigation  he  completed  a  series  in  which  the 
cobalt  oxide  was  varied  from  .0  to  .06  equivalent.     As  a  result 
he  found  that  the  ground  coat  containing  no  cobalt  did  not  ad- 
here to  the  steel.     He  says:   "The  increase  in  cobalt  does  not 
show  a  corresponding  increase  in  the  quality  of  the  ware,  but 
the  series  demonstrates  very  clearly  that  a  little  cobalt  is 
desirable  in  producing  a  good  tough  enamel.     The  cobalt  increas- 
es the  stability  of  the  enamel  in  burning  and  gives  it  a  wider 
range  of  fusion  than  the  same  enamel  without  cobalt." 

Dr.  Vondracek  seems  to  have  propounded  the  theory  which 
is  most  popular  today,  regarding  the  necessity  of  cobalt  oxide 
in  ground  coat  enamels.     He  claims  that  the  iron  is  oxidized 
at  the  expense  of  the  cobalt  oxide  and  that  the  latter,  or 
rather  the  cobalt  silicate  is  changed  to  a  compound  of  lower 
oxygen  content.    As  a  result,  the  clean  surface  of  the  iron 
is  attacked  so  that  the  enamel  and  iron  join  very  intimately, 
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and  the  danger  of  chipping  of  the- enamel  reduced. 
5 

Menzel     in  his  work  on  ground  coats  claims  that  either 
cobalt,  nickel  or  manganese  oxide  is  necessary  in  the  ground 
coat.     In  pickling  the  iron  he  assumes  that  a  layer  of  Pe^p/^. 
is  formed  on  the  surface  which  is  reduced  by  the  cobalt  ox- 
ide in  the  ground,  so  that  a  good  bond  results  between  the 
enamel  and  the  steel  itself.    He  says:  "The  function  which 
is  exercised  by  cobalt  oxide  in  the  ground  enamel  is  perform 
ed  also  by  the  nickel,  manganese  and  iron  oxides,  since  they 
oxidize  the  NigO^,  MngO^  and  l^e^O^.     But,  based  on  experi- 
mental evidence,  the  author  believes  that  cobalt  shows  the 
strongest  reaction."  ■ 

The  value  of  the  above  theories  may  be  summed  up  in  the 
words  of  J.  Grunwald  ,  who  says:  "As  long  as  no  definite  in- 
vestigations have  been  undertaken,  it  would  be  futile  to  en- 
ter into  more  or  less  hazardous  hypotheses.    Every  practical 
enameling  expert  knows,  however,  that  a  ground  enamel  free 
from  cobalt  and  nickel  oxides  is  unobtainable.     Each  one  of 
us  has  certainly  made  experiments  on  ground  coats  free  from 
the  metallic  oxides,  and  often  thought  ourselves  near  the 
goal,  only  to  be  deceived  by  tests  on  a  large  scale,  and  so 

5.  Reference  No.  4 

6.  Reference  Ho.  3 
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compelled  to  return  to  earlier  experiences." 

PLAN  AID  DESCRIPTION  0*1  WORK 

In  planning  the  work  for  this  investigation  of  the  ef- 
fects of  variation  in  the  composition  of  ground  coats  for 
sheet  iron  enamel  it  was  the  writer's  intention  to  vary  only 
those  constituents  which  were  essential  in  producing  good 
tough  enamels,  and  to  determine  the  percentage  of  each  nec- 
essary ingredient.    A  ground  coat  which  was  an  average  of 
several  commercial  formulae  and  approached  closely  the  for- 
mula used  by  Menzel  in  his  work,  was  selected  as  a  basis  for 
the  investigation.    Disregarding  the  cobalt,  nickel,  mangan- 
ese and  iron  oxide,  it  is  as  follows: - 


.25....  K20  )     .15  A1203  )   2.0  SiO 
.50....  NagO)     .50  Bg  Og  )  .25 
.25. ...  Ca  0) 

Nine  series  were  outlined  with  the  following  variations 

in  composition: - 

Series  A.     Varying  cobalt  oxide  from  .01  to  .04  Equiv. 

Series  B.    Varying  nickel      n         "     .01     "  .05  n 

Series  C.    Varying  cobalt  oxide  with  corresponding 
variations  in  nickel  oxide. 

Series  D.    Varying  manganese  oxide  from  .02  to  .114 
equivalent. 

Series  E.    Varying  cobalt  oxide  with  decrease  in  man- 
ganese oxide. 
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Series  P# 


Variations  in  silica  with  replacement  of 
flint  in  the  frit  by  raw  flint  in  the  batch. 


Series  G. 


Variation  of  Calcium  fluoride, 


Series  H. 


Variation  of  3orax, 


Series  J, 


Variation  of  antimony  oxide, 


Series  K. 


Variations  of  iron  oxide  from  .02  to  .114 
equivalents . 


Series  L. 


Varying  cobalt  oxide  with  corresponding 
variation  of  iron  oxide. 


Series  M. 


Replacement  of  flint  in  frit  by  raw  flint 
in  the  batch  on  enamels  C-2  and  C-3. 


Substitutions  were  made  in  the  RO  group,  KgO,  NagO,  or 
(JaO  being  replaced  in  such  a  way  that  the  change  in  any  one 
of  the  above  was  as  small  as  possible.     The  change  in  some 
cases  was  naturally  greater  than  that  necessary  in  others, 
f commercial  enamels  require  about  0.5  percent  of  cobalt  oxide 
while  as  high  as  3.5  percent  of  manganese  oxide  is  required.  ) 

The  individual  members  of  the  series  were  weighed  up 
and  mixed  thoroughly  by  hand.     They  were  then  fritted  in  a 
gas-fired  frit  furnace,  in  crucibles  holding  a  batch  of  about 
4.5  lbs.     In  each  case,  the  mixture  was  melted  down,  then 
kept  in  a  molten  state  and  stirred  occasionally  in  order  to 
eliminate  the  bubbles  as  much  as  possible.     The  melts  were 
kept  in  this  condition  until  a  thread  drawn  between  the  fin- 
gers did  not  contain  any  lumps  due  to  undissolved  material 
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nor  any  gas  bubbles.    '.Then  the  fritting,  which  required 
about  three  hours,  was  completed,  the  enamel  was  poured  in- 
to cold  water  in  order  to  shatter  the  mass  and  thus  facili- 
tate the  grinding.    After  being  dried,  the  frit  was  weighed 
out  with  8/0  of  English  Ball  clay  and  l/o  of  borax,  the  lat- 
ter being  added  in  a  hot  solution.     The  batches  were  ground 
in  small  porcelain  ball  mills  with  approximately  40%  of 
water  for  about  20  hours,  this  time  being  required  in  most 
cases  to  grind  the  enamel  just  fine  enough  to  pass  a  150 
mesh  screen  when  washed  through  with  water.     The  above  pro- 
cedure applies  to  all  the  enamels  except  the  i?-series  and 
M-series,  to  which  part  of  the  flint  was  added  in  the  mill- 
ing. 

Plates  about  3"  X  6"  of  No.  18  gauge  Armco  iron  were 
used  for  trial  pieces.     These  were  scaled  in  an  open  fire 
kiln  after  which  they  were  pickled  in  a  hydrochloric  acid 
bath,  made  up  of  1  part  commercial  acid  to  6  parts  of  water. 
After  lying  in  the  bath  about  30  minutes  they  were  scrubbed 
in  clean  water,  then  dipped  in  a  very  dilute  solution  of 
sodium  carbonate  to  neutralize  any  remaining  acid. 

The  plates  were  then  dried  as  quickly  as  possible  in  a 
steam  coil  drier.     The  enamel  was  set  up  with  a  further  ad- 
dition of  borax  solution,  the  latter  being  added  until  the 
viscosity  was  considered  to  be  high  enough  for  dipping  pur- 


-7- 

poses.  The  viscosity  was  determined  by  the  method  or- 
dinarily used  in  commercial  practice,  that  of  dipping  the 
hand  in  the  enamel  and  noting  its  clinging  power.  If  it 
adheres  to  the  hand  without  flowing  it  is  considered  suf- 
ficiently "set"  for  dipping.  The  plates  were  sponged  off 
and  dipped,  then  set  on  racks  and  dried  in  the  steam  coil 
drier. 

The  trials,  which  were  placed  on  a  grid  large  enough 
to  hold  three  pieces,  were  burned  in  a  small  oil-fired 
muffle  kiln  having  a  chamber  12"  X  18"  X  30".    A  thermo- 
couple was  placed  in  the  muffle  with  the  junction  as  close 
as  possible  to  the  trials.     The  temperature  and  time  re- 
quired for  properly  burning  each  enamel  were  determined, 
if  possible  on  the  first  trial  in  each  set  and  the  rest  of 
the  trials  were  burned  accordingly. 

TESTS 

Three  general  tests  were  carried  out  on  the  trials, 
namely: 

1.  Microscopic  examination  of  trials  for  bubbling, 

2.  Impact  test  for  toughness  or  resistance  to  chipping, 

3.  Application  and  burning  of  white  cover  enamel. 

The  first  test  was  made  by  examining  the  trials  under 
a  microscope  and  noting  any  tendency  to  bubble.     The  object 
of  this  test  was  to  determine  whether  there  was  any  rela- 
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tion  between  bonding  power  and  formation  of  bubbles  in  a 
ground  coat. 

The  test  on  toughness  was  carried  out  in  the  apparatus 

7 

shown  in  Fig.  1  which  is  similar  to  that  used  by  R.  Landrum 
with  some  few  changes  in  construction,  a  4  pound  hammer  with 
a  hardened  steel  head  being  used  instead  of  a  5  pound  hammer. 
The  plates  were  set  on  a  piece  of  hardened  steel  and  the  ham- 
mer allowed  to  drop  from  certain  measured  distances,  the  ap- 
paratus being  arranged  so  the  hammer  could  be  released  from 
any  desired  point.     The  distance  of  fall  was  increased  until 
the  maximum  height  was  reached  at  which  chipping  would  not 
take  place.     Failure  of  the  enamel  was  taken  at  the  point 
where  any  chipping  of  the  enamel  occurred  when  scratched. 
It  was  found  that  any  tendency  to  chip  which  could  not  be 
noted  otherwise  was  brought  out  by  a  slight  rubbing  of  the 
enamel.     The  distance  of  fall  of  the  hammer  was  regulated 
to  quarter  inches  and  the  results  obtained  on  the  machine 
were  fairly  consistent  when  it  is  remembered  that  any  varia- 
tion in  the  thickness  of  coat,  time  of  burning  etc.,  will 
change  the  quality  of  the  enamel  greatly. 

The  third  test  which  dealt  with  the  application  of  a 
white  cover  enamel  without  bubbling  is  really  an  enlarge- 
ment on  the  first  test  in  that  it  brings  out  rather  sharply 
any  tendency  to  a  vesicular  structure  in  the  ground  coat. 
If  the  enamels  were  fluid  enough,  the  bubbles  of  gas  which 
7.      Reference  Ho.  5. 
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PLATE  I. 
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form  the  latter,  would  pass  off  during  the  burning  of  the 
first  coat.     If  on  the  other  hand,  the  enamels  were  too  vis 
cous,  they  would  remain  in  the  ground  coat  and  because  of  a 
further  evolution  during  the  burning  of  the  cover  enamels, 
texture  of  the  latter  would  be  spoiled.     Therefore  in  choos 
ing  the  ingre'ients  of  a  ground  coat  it  is  necessary  to  sel 
ect  those  metallic  oxides  which  will  make  the  enamel  most 
fluid,  this  allowing  the  enclosed  gas  to  pass  off  in  the  ac 
tual  burning  of  the  ground  itself.     ?or  the  test,  a  white 
cover  enamel  of  the  following  composition  was  used:- 


.212  K2  0)    .237  A1203)  2.19  SiOg 

.632  Uap0)   .324  J3?  0«) 

.156  Ca  0)   .027  SbgOg)     .349  Fg 


This  has  the  following  batch  composition: - 


Borax   20 

feldspar   32 

tflint   21.5 

Soda   10 

Saltpeter   2-J- 

Cryolite   16 

Antimony   2j? 

Whiting   5 


Additions  in  mill:-  (7jb  tin  oxide 

(•§•/<>  magnesia, 
(6%  clay. 

This  enamel  was  sprayed  on  the  ground  coated  plates, 
dried  in  a  steam  coil  drier  and  then  burned  at  875°C  in  the 
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same  furnace  that  was  used  for  burning  the  ground  coats. 

RESULTS  OF  .YORK  IN  DETAIL 

The  experimental  data  for  this  work  is  given  in  detail 
on  the  following  pages.     The  results  of  the  toughness  tests 
are  shown  graphically  in  the  curves,  Plates  2  &  3,  an  attempt 
being  made  to  plot  the  curves  so  that  the  comparative  effects 
of  the  various  metallic  oxides  could  be  brought  out  more 
clearly. 
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A-Series. 
Table  I. 
Molecular  Composition. 


Wo. 

K20 

fa80 

CaO 

Co6 

A1203 

B203 

Si02 

?2 

A-l 

.24 

.50 

.25 

.01 

.15 

.50 

2.0 

.25 

A- 2 

.23 

Tl 

« 

.02 

n 

n 

t» 

A-3 

.22 

n 

n 

.03 

n 

n 

« 

n 

A- 4 

.21 

n 

tf 

.04 

ft 

n 

n 

Table  II. 
Batch  Comp.  in  Percents. 


No . 

A-i 

A-2 

A-3 

A-4 

Feldspar 

27 

27.1 

27.2 

27.3 

Saltpeter 

5.9 

5.3 

4.6 

3.95 

Fluorspar 

6.3 

6.35 

6.35 

6.40 

Cobalt  oxide 

.26 

.53 

.80 

1.07 

Borax 

30.6 

30.8 

31.0 

31.2 

Soda 

8.3 

8.6 

8.65 

8.65 

Flint 

21.2 

21.3 

21.4 

21.5 

Temp. of  burn 

1000° 

1000° 

1000° 

Time,  Sec. 

100 

65 

70 
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A-Series . 
Results  of  Microscopic  Examination. 

Increasing  Cobalt: 

There  was  a  general  improvement  in  quality, 
with  decreased  pinholing. 


Table  III. 
Toughness  Test. 


No.  of:  Greatest  Drop  Before  Chipping  Occurred.  ~"~ 

piece. :      Series  A-l    Series  A-2    Series  A- 3    Series  A- 4 


1  2  6 

2  2i  2i  8 

3  2|  6  7i 

4  2  5 

5  2i  5  8 

6  2-3/4  4  8 

7  2-J-  5  6 

8  2§  5  8i 

9  2  5  8 


Average:  2-|*  2i  5  8 


Table  IV. 

Results  of  Application  of  White  Cover  Enamel. 

A-Series. 

A.    2    Pinholed  slightly, 

A.     3    Good  enamel, 

A.    4    Excellent  enamel. 


4        Series  was  over burned. 
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B-Series . 
Equival ents. 


Jo, 

K£0 

Ka20 

CaO 

NiO 

A1203 

B2°3 

SiO 

2  P2 

B-l 

.34 

.50 

.25 

.01 

.15 

.50 

2.0 

.25 

B-c 

.23 

it 

H 

.02 

tt 

n 

ii 

B-3 

.22 

n 

tt 

.03 

n 

tt 

n 

n 

B-4 

.21 

tt 

tt 

.04 

tt 

tt 

tt 

n 

B-5 

.20 

ii 

tt 

.05 

tt 

tt 

tt 

Batch 

B-Series. 
Comp.  in  Percents. 

NO, 

B-l 

B-2 

B-3 

B-4 

B-5 

Feldspar 

27 

27.2 

27.2 

27.4 

27.4 

Saltpeter 

5.85 

5.25 

5.26 

5.29 

5.3 

Borax 

30.8 

31 

31 

31.2 

31.3 

Soda 

8.55 

8.6 

8.6 

8.63 

8.7 

Fluorspar 

6.28 

6.3 

6.35 

6.35 

6.38 

Ni203 

.27 

5.88 

.81 

1.05 

1.36 

Flint 

21.3 

21.4 

21.4 

21.5 

21.6 

Temp,  of 
burning. 

1000° 

990 

995 

985 

880 

Time,  Sec. 

70 

75 

100 

100 

100 

B-Series. 
Results  of  Microscopic  Examination. 

Increasing  Nickel  oxide: 

The  enamels  were  not  very  smooth,  although  the 
bubbling  decreased. 


B-Series 
Toughness  Test. 


No.  of: 
piece. : 


Greatest  Drop  Before  Chipping  Occurred 


B-l 


B-2 


B-3 


B-4 


B-5 


1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Average: 


If 
2£ 


1 
1 

ll 


li 


5i 


5* 
7 

5i 


5* 


6-3/4 
6-3/4 
6-3/4 


6ir 


6-3/4 
6i 

6-3/4 


6-3/4 
7 

6i 

6-3/4 
6i 

6i 

6t 


6* 


5-3/4 


7 

6-3/4 
6-3/4 
6-i 


6i 

6-3/4 


Results  of  Application  of  White  Cover  Enamel 

B-Series. 

B.  1     Slightly  bubbled, 

B.  2  " 

B.  3 

B.  4 

B.  5  "  " 
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C-Series. 
Equivalents. 


No. 

K20 

Na20 

CaO 

CoO 

NiO 

A12°3 

B263 

sio2 

F2 

C-l 

.20 

.5 

.25 

.01 

.04 

.15 

.5 

2.0 

.25 

C-2 

.2 

tt 

.02 

.03 

tt 

tt 

tt 

C-3 

.2 

m 

ft 

.03 

.02 

tt 

tt 

tt 

tt 

C-4 

.2 

it 

.04 

.01 

tt 

n 

n 

C-Series . 
Batch  Comp.  in  Percents. 


No. 

C-l 

C-2 

C-3 

C-4 

Feldspar 

27.4 

27.4 

27.4 

27.4 

Saltpeter 

3.3 

3.3 

3.3 

3.3 

Borax 

31 

31 

31 

31 

Soda 

8.7 

8.7 

8.7 

8.7 

Fluorspar 

6.4 

6.4 

6.4 

6.4 

Cobalt  oxide 

.28 

.55 

.82 

1.09 

Ni203 

1.09 

.82 

.55 

.28 

Flint 

21.6 

21.6 

21.6 

21.6 

Temp .  burn 

985° 

990 

965 

990 

Time,  Sec. 

101 

100 

105 

105 
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C-Series. 
Results  of  Microscopic  Examination. 

Increase  of  CoO,  with  decrease  of  NiO: 

In  this  series  there  was  no  bubbling  and  the 
enamel  had  good  texture. 


C-Series . 
Toughness  Test . 


No.  of: 
piece. : 


C-l 


greatest  Drop  Before  Chipping  Occurred 


C-2 


C-3 


C-4 


1 

2 
3 
4 
5 
6 
7 
8 
9 

10 


6-3/4 

6 

6 

6x 


6 
6 


6-3/4 
6-3/4 

6 


6 

W 


71 
'  4 

7-3/4 
7^3/4 

75 — 


8-3/4 

8£ 

8-3/4 


7 

8i 


Average: 6^ 


C-Series. 

Results  of  Application  of  White  Cover  Enamel. 
C.  1) 

C.  2)    All  good  enamels. 
C.  3) 
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D-Series. 
Equivalents. 


Wo. 

K26 

Na20 

CaO 

MnO 

A1203 

B203 

Si62 

*2 

D-l 

.24 

.50 

.24 

.02 

.15 

.5 

2.0 

.25 

D-2 

.£3 

IT 

.23 

.03 

ti 

n 

.23 

D-3 

.21 

n 

.21 

.07 

n 

i» 

n 

.21 

D-4 

.20 

n 

.20 

.11 

n 

n 

.20 

D-Series. 
Batch  Comp.  in  Per cents. 


No. 

D-l 

D-3 

D-4 

Feldspar 

27.0 

27.1 

27.2 

27.2 

Saltpeter 

5.9 

5.3 

5.07 

3.30 

Borax 

30.8 

30.9 

31.0 

30.8 

Soda 

8.5 

8.55 

8.6 

8.6 

Fluorspar 

6.0 

5.8 

5.4 

5.08 

Mn02 

.57 

1.07 

2.15 

3.25 

Flint 

21.3 

21.4 

21.5 

21.5 

Temp .  burn 

950° 

997 

995 

990 

Time,  Sec. 

93 

92 

96 

97 

D- Series. 
Results  of  Microscopic  Examination. 

Increasing  MnO: 

This  developed  some  very  small  bubbles,  but 
generally  the  enamel  was  very  smooth. 


D-Series. 
Toughness  Test. 


No.  of:  Greatest  Drop  Before  Chipping  Oocurredr 
piece.:        D-l  D-2  D-3  D-4 


1  li  2  1 

2  li  li  li 

3  2  11 

4  li  l 

5  1 
6 

7  1 

8  ii  i  i 

9  1  1 

10  1 

Average:      I?  If  I  1 


D-Series. 

Results  of  Application  of  White  Cover  Enamel. 


D.  1  Good  enamel, 

D.  2        "  " 

D.  3  Excellent  results, 

D.  4  Slightly  bubbled. 
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E-Series  • 
Equivalents. 


No .  K20 

Na20 

CaO 

CoO 

MnO      Al 203 

B203  Si02 

E-l  .23 

.48 

.23 

.01 

.05  .15 

.50  2.0 

.23 

E-2  " 

rr 

« 

.02 

.04  ■ 

it  tt 

n 

E-3  " 

it 

ft 

.03 

.03  " 

tt  ft 

tt 

E-4  " 

ft 

if 

.04 

.02 

ft  ft 

ft 

E-Series. 
Batch  Comp.  in  Percents. 

iJo  • 

E-l 

E-2 

E-3 

Fel  dsnai" 

•L.   \s  *L.  \A.        fJ  <JL  ± 

27.1 

27.1 

27.1 

27 .1 

Sal  "t  ueter 

5.24 

5.24 

5.24 

5.24 

Borax 

31.0 

31.0 

31.0 

31.0 

Soda 

7.9 

7.9 

7.9 

7.9 

Fluorspar 

5.8 

5.8 

5.8 

5.8 

Cobalt 

.27 

.54 

.81 

1.08 

Mn02 

1.41 

1.13 

.85 

.56 

Flint 

21.4 

21.4 

21.4 

21.4 

Temp .  burn 

995° 

975 

950 

985 

Time,  Sec. 

119 

97 

87 

98 
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E-Series. 
Results  of  Microscopic  Examination. 
Increase  of  CoO  with  decrease  of  MnO: 

In  this  series  the  decrease  of  fine  bubbles 
was  quite  noticeable. 


E-Series. 
Toughness  Test. 


No.  of:  Greatest  Drop  Before  Chipping  Occurred' 

piece.:  E-l  E-2  E-3  E-4 

1  3  6-3/4  6-3/4  7 

2  7  7 

3  6i  6-3/4  7i 

4  1*  7| 

5  3  7 

6  1*   t  6  6* 

7  2-3/4  7-3/4 

8  6i  7i  7i 

9  3  7 

10  2-3/4  6i  6-3/4 

Average:  2-3/4  Sf  6-3/4 


S-Series . 

Results  of  Application  of  White  Cover  Enamel. 

E.  1  Slight  pinholing, 

E.  2  Pair  enamel, 

E.  3  Excellent  enamel, 

E.  4  "  " 
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P-Series. 
Equivalents. 


TO)      Na^O      SaO      AlgOg      B^    NiOg"      ?J  sb2°3 


No. 


P-l  .25  .50  .25  .15  .50    1.0       .25  .05 

jp*p  g  n  n  n  ti  "1.3"  " 

p_3        "  "  "  "  "      1.6        "  " 

p_4         n  tt  »t  n  "       1.9         "  " 

P-5         "  "  "  "  "       2.2         "  " 


P-Series. 
Batch  Comp.  in  Percents. 


P-l  P-2  P-4 

Peldspar   83.70  Pritt...  187.5  Pritt...  187.5 

Saltpeter   20.20  Plint...     18  Flint...  54 

Borax   95.50 

Soda   26.50  P-3  P-5 

Pluorspar   19.50 

Sb203/.   14.40  Pritt. ..  .187.5  Pritt...  187.5 

Flint   6.0  Plint....  36  Plint...  72 


No .  Temp,  of  Burning.  Time,  Sec. 

P-l                                               960  80 

P-2                                               940  94 

P-3                                               965  80 

P-4                                               975  105 

P-5                                              997  83 


-23- 


F-Series . 
Results  of  Microscopic  Examination. 

Increase  of  SiOg*. 

All  of  series  was  pinholed,  and  the 
enamel  was  not  very  smooth. 


F-Series. 
Toughness  :2est. 


No.  of:  Greatest  Drop  Before  Chipping  Occurred, 

piece.:       F-l  F-3  F-4  ff-5 


1  9  9 

2  8i 

3  6-3/4  8-3/4 

4  8  8-3/4  9 

5  8i  9 

6  9 

7  fii  8  8fr  9 

8  6-3/4        7i  8  8-3/4 

9  6i  7-3/4 

10  8 


Average:     Sf  7-3/4        Bf  9~ 


F-Series. 

Results  of  Application  of  White  Cover  Enamel. 


(Every  member  of  F-Series 
was  pinholed) 
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G-Series. 
Equivalents . 


NO. 

K26 

Na20 

CaO 

A1203 

B2°3 

Sb203 

Si02 

0-1 

.20 

.50 

.30 

.15 

.5 

.05 

2.0 

.3 

G-2 

.15 

.50 

.35 

.15 

»t 

tt 

n 

.35 

G-3 

.45 

.40 

tt 

n 

If 

it 

.40 

G-4 

n 

.40 

.45 

tt 

TT 

tt 

tt 

.45 

G-5 

It 

.35 

.50 

tt 

H 

tt 

tt 

.50 

G-Series. 
Batch  Comp.  in  Percent s. 


No. 

B~l 

S-2 

G~4 

a-5 

Feldspar 

26.2 

25.9 

25.6 

25.3 

25.0 

Saltpeter 

3.16 

3.12 

3.09 

3.05 

3.01 

Borax 

30 

29.5 

29.2 

28.8 

28.5 

Soda  Ash 

8.3 

8.2 

8.1 

8.0 

7.9 

Fluorspar 

7.3 

8.43 

9.5 

10.6 

11.6 

Sb2°3 

5.0 

4.45 

4.4 

4.34 

4.3 

sio2 

20.7 

20.4 

20.2 

19.9 

19.7 

Temp,  burn 

997° 

999 

1000 

975 

118 

Time,  Sec. 

123 

75 

76 

118 

130 
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G-Series. 

Results  of  Microscopic  Examination. 

Increase  of  CaO: 

In  this  series  there  was  an  increase  in 
pinholing  and  bubbling. 


G-Series 
Toughness  Test. 


This  series  was  rejected,  as  every  mem- 
ber failed  below  one  &  one-half  inches. 


G-Series. 

Results  of  Application  of  White  Cover  Enamel. 


G.  1  Bubbled)  First  coat  was  not 

G.  2  Fair      )  smooth  giving  the  finish 

G.  3  n        )  enamels  a  wavy  ap- 

G.  4  "        )  pearance. 
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H-Series . 
Equival ents • 


No. 

K20 

Na20 

CaO 

A12°3 

B263 

Si02 

h 

Sb2 

H-l 

.25 

.50 

.25 

.15 

.4 

2.0 

.25 

.05 

H-2 

n 

n 

it 

»t 

.3 

n 

n 

n 

H-3 

n 

M 

n 

.2 

n 

t? 

it 

H-Series. 
Batch  Comp.  in  Percent s. 


ITo. 

H-l 

H-2 

H-3 

Feldspar 

26.9 

28.0 

29.4 

Saltpeter 

6.5 

6.8 

7.1 

Borax 

24.5 

19.2 

13.4 

Soda 

10.2 

12.4 

14.9 

Fluorspar 

6.35 

6.54 

6.85 

Sb203 

4.6 

4.83 

5.06 

Flint 

21.2 

22.1 

23.2 

Temp .  burn 

0 

975 

983 

993 

Time,  Sec. 

110 

106 

110 
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H-Series . 
Results  of  Microscopic  Examination. 

Decrease  of  BgOg*. 

This  series  was  badly  pinholed  and  blister 
ed,  especially  with  low  borax. 


H-Series. 
Toughness  Test. 


This  Series  was  also  rejected,  as  every 
member  failed  under  two  and  one-half 
inches . 


H-Series . 

Results  of  Application  of  TkVhite  Cover  Enamel 


(Every  member  of  Series  pinholed 
and  blistered) 
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J-Ser ies . 
Equivalents . 


No. 

K20 

Na20 

CaO 

A1203 

B2°3 

sb2°3 

Si02 

F8 

J-l 

.25 

.50 

.25 

.15 

.5 

.10 

2.0 

.25 

J- 2 

n 

n 

It 

.15 

ii 

n 

tt 

J-3 

n 

IT 

II 

.2 

n 

it 

J-Series. 
3atch  Conp.  in  Percents. 


No. 

J-l 

J- 2 

J-3 

Feldspar 

24.6 

23.2 

22.7 

Saltpeter 

5.93 

5.60 

5.48 

Borax 

28.1 

26.5 

25.9 

Soda 

7.8 

7.36 

7.2 

Fluorspar 

5.72 

5.42 

5.30 

Sb203 

8.46 

13.4 

15.6 

Flint 

19.4 

18.2 

17.9 

Temp  •  burn 

975° 

976 

970 

Time,  Sec. 

77 

72 

69 
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J-Series. 

Results  of  Microscopic  Examination. 

Increase  of  Sb203: 

Ihia  series  was  badly  pinholed  and  blister- 
ed, decreasing  to  No.  3. 


J-Ser ies. 
Toughness  Test. 


greatest  Drop  Before  Chipping  Occurred. 
jZl  J-2  '  J-3  J-T 


No.  of: 
piece. : 


1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Average' 


*>2 

5 

5-3/4 
6 
6 
6 


5-3/4 


5-3/4 
5-3/4 


6 

5i 


5-3/4 


J-Series . 

Results  of  Application  of  White  Cover  Enamel. 


(All  blistered  &  bubbled  but  decreas- 
ed with  increase  of  SbpOr,). 


K-Series. 
Equivalents . 


NO .  KgO 

NagO 

CaO 

PeO 

A1203  B£03 

Si02 

F2 

K.1  OA 

.24 

.02 

.15  .5 

P  0 

It 

.231 

.038 

n  it 

It 

PI  ft 

•  CIO 

tf 

.212 

.076 

it  it 

It 

PI  p 

IY—  t:               •  Cj\J 

.  *±OD 

.200 

.114 

it  it 

tt 

POO 

Batch 

K-Series 
Oomp.  in  Percents. 

No. 

K-l 

K-2 

K-3 

K-4 

feldspar 

27.0 

27.1 

27.3 

27.4 

Saltpeter 

5.85 

5.30 

4.08 

3.30 

Borax 

30.8 

30.9 

31.1 

31.3 

Soda 

8.55 

8.60 

8.64 

8.20 

Fluorspar 

6;04 

5.83 

5.40 

5.10 

?e203 

.52 

.98 

1.98 

2.99 

Flint 

21.3 

21.3 

21.5 

21.6 
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K-Series 

Results  of  Microscopic  Examination. 

Increase  of  Fe^O^\ 

All  IJos.  contained  bubbles  when  viewed  under 
the  microscope.     They  appeared  very  smooth 
to  the  eye  but  when  viewed  carefully,  the 
tiny  bubbles  could  be  seen. 


K-Series . 
Toughness  Test. 


No.  of: 

Greatest 

Drop  Before  Chipping 

Occurred. 

piece . : 

K-l 

K-2 

K-3 

K-4 

1 

All 

It 

8 

3t 

2 

pieces 

3-3/4 

3 

were 

3t 

4 

bubbled. 

It 

it 

5 

chipped, 

it 

6 

and 

7 

failed 

2 

2 

8 

below 

It 

It 

% 

9 

It 

It 

% 

10 

inches. 

* 

Average: 

14 

K-Series. 

Results 

of  Application  of  White 

Cover 

Enamel . 

K.  1 

Good  finish  to 

enamel,  but 

ground  chipped 

off. 

K.  2 

Same  as  above 

K.  3 

n        n  m 

K.  4 

n        n  n 

4      This  whole  set  was  chipped  before  testing,  because 
of  poor  bond  of  enamel  and  steel. 


L-Series. 
Equivalents. 


No. 

K20 

Na20 

CaO 

CoO 

FeO 

A1203 

B2°3 

Si02 

F2 

L-l 

.23 

.48 

.23 

.01 

.05 

.15 

.50 

2.0 

.23 

L-2 

n 

Tf 

n 

.02 

.04 

IT 

tt 

tt 

tt 

L-3 

n 

TT 

H 

.03 

.03 

II 

n 

n 

tt 

L-4 

11 

It 

ft 

.04 

.02 

tt 

it 

tt 

tt 

L-Series. 
Batch  Conro.  in  Percents. 


No. 

L-l 

L-2 

L-3 

L-4 

Feldspar 

27.1 

27.10 

27  .10 

27.10 

Saltpeter 

5.24 

5.24 

5.24 

5.24 

Borax 

31.0 

31.0 

31.0 

31.0 

Soda  Ash 

7.96 

7.96 

7.96 

7.96 

Fluorspar 

5.80 

5.80 

5.80 

5.80 

CoO 

.27 

.53 

.81 

1.07 

Fe803 

1.3 

1.04 

.78 

.52 

Flint 

21.4 

21.4 

21.4 

21.4 
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L-Series . 
Results  of  Microscopic  Examination. 

Increase  of  CoO  with  decrease  in  FOgO^: 

Decrease  in  size  and  number  of  bubbles.  In 

the  enamel  containing  high  CoO  and  low  PeO 

there  were  few  bubbles  and  these  were  very 
fine. 


L-rSeries. 
Toughness  Test. 


No.  of:  Greatest  Drop  Before  Chipping  Occurred 

piece.:  L-l  1-2  L-3  L-4 

13  5  4 

2  3i  4-3/4  3  5i 

3  2i  4i  6 

4  2  3-3/4  6 

5  2  4  2i  5J- 

6  2i  4  3-3/4  3 

7  2  4  3£  3 

8  3 
9 

10 

Average:  2-3/4  4j  3t  5£ 


L-Series. 

Results  of  Apnlication  of  White  Cover  Enamel. 

L-l      Good  white  enamel  but  ground 

chipped  off, 
L-2      Pinholed  slightly, 
L-3      Excellent  enamel, 
L-4  "  " 
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M- Series . 

For  molecular  composition  of  11—  2  and  M-3  see  C-2 
and  C-3. 

M- Series . 
Batch  Comp.  in  Per cents. 


Fritt 

M-l 

Ii-2 

Feldspar 

30.3 

30.3 

Sal  t  "Deter 

3.67 

3.  67 

Borax 

34.6 

34.6 

Soda 

9.6 

9.6 

Fluorspar 

7.1 

7.1 

Cobalt 

.60 

.91 

NigOg 

.91 

.60 

Flint 

13.1 

13.1 

Milling: 

Frit 

100 

Frit  100 
Flint  14 

Flint 

14 

M-Series 
Toughness  Test. 

No.  of  piece. 

M-l 

M-2 

1 
2 
3 
4 
5 
6 
7 
8 

9 

8-3/4 
8-3/4 

9|> 

9 
9 
9 
9 

9 

Av erase:  84  9x 
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M-Series . 
Hesults  of  Microscopic  Examination. 

Cobalt-nickel  oxides  containing  raw  flint: 

In  this  series  no  bubbling  or  pinholing 
took  place. 


K- Series . 

Hesults  of  Application  of  .Vhite  Cover  3namels. 
Series-M  (Good  finish  to  all) 

i  |  Excellent  enamel. 
M.     2  ) 
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■JENEKAL  CQgCIUSIONS 

Prom  the  curves,  the  following  facts  are  obtained: - 

(1)  The  oxides  of  cobalt  and  nickel  have  about  the 
same  effect  in  increasing  toughness,  while  manganese  and 
iron  oxides  decrease  the  toughness  very  markedly.  Additions 
of  cobalt  oxide  to  either  iron,  manganese  or  nickel  seems  to 
increase  the  toughness.     These  results  tend  to  show  that  co- 
balt oxide  is  an  important  constituent  for  the  purpose  of  de- 
veloping toughness  of  ground  coats,  while  quality  is  absolu- 
tely essential  in  any  enamel  which  serves  as  a  good  ground. 

(2)  The  introduction  of  some  raw  flint  in  the  enamel 
batch  instead  of  including  all  of  it  in  the  frit  appears 
to  increase  the  toughness,  but  at  the  same  time  makes  the 
enamel  more  refractory.     The  enamels  of  this  series  have  a 
less  vitreous  appearance  which  probably  accounts  for  their 
greater  toughness. 

(3)  Low  borax  or  high  lime  enamels  will  not  make  good 
grounds  since  they  are  conducive  of  porosity  and  show  a  very 
low  toughness. 

(4)  Variations  in  the  antimony  oxide  do  not  affect  the 
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toughness  either  way,   but  contribute  to  the  whiteness  of  the 
enamel.     It  might  be  possible  that  a  white  ground  could  be 
obtained  by  working  in  this  direction. 

The  results  with  the  finish  white  enamel  show  that  the 
best  enamels  were  obtained  on  those  first  coats  in  which  co- 
balt was  present.     In  every  series,  the  quality  of  the  enamel 
was  improved  with  the  increase  of  cobalt,  and  no  other  oxide 
gave  similar  results,  or  in  no  case  were  good  results  ob- 
tained on  the  plates  with  a  white  or  colorless  ground  enamel. 
Such  defects  as  pinholing,  bubbling  and  chipping  were  more  or 
less  present. 

Throughout  this  work,  the  results  seem  to  be  fairly  con- 
sistent in  that  the  several  tests  differentiate  the  poor 
enamels  from  the  good  ones  very  satisfactorily.     There  seems 
to  be  a  very  close  connection  between  toughness,  vesicular 
structure  and  the  ability  to  take  a  good  finish  enamel  in 
all  but  the  ^-series,  in  which  raw  flint  was  added  to  the  ena- 
mel batch.     This  series  gave  very  good  results  in  the  tough- 
ness test,  but  still  did  not  produce  a  good  smooth  ground 
coat,  nossibly  due  to  the  fact  that  adding  the  flint    in  this 
manner  causes  the  enamel  to  be  more  refractory  than  it  would 
be  if  the  flint  were  added  entirely  in  the  frit.     The  raw 
flint  undoubtedly  affects  the  time  of  maturing  the  enamel, 
taking  longer,  or  requiring  a  higher  temperature.     In  order 
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to  produce  a  good  enamel,  it  is  necessary  that  the  ground 
coat  soften  sufficiently  to  permit  the  more  fusible  cover 
enamel  to  interfuse  with  the  ground.     This  addition  of  raw 
flint  was  made  use  of  in  the  M-series  in  which  two  tough 
cobalt  and  nickel  enamels  were  prepared,  replacing  part  of 
the  flint  in  the  frit  with  raw  flint  in  the  enamel  batch. 
The  curves  showing  toughness  for  the  C-series  and  M-series 
are  plotted  in  Plate  3  and  the  increased  toughness  is  very 
apparent. 

The  best  results  have  been  obtained  in  this  work  by  the 
use  of  cobalt  and  nickel  or  a  combination  of  the  two.  fair- 
ly good  results  have  also  been  obtained  by  the  use  of  cobalt 
together  with  manganese;  but  it  is  quite  evident  from  the 
toughness  curves  for  the  enamels  containing  these  oxides 
singly  and  in  combination,   that  the  toughness  is  due  mainly 
to  the  cobalt.     This  is  in  accordance  with  the   'lews  of 
J,  Srunwald,  as  stated  previously  in  this  paper^. 

Thoughout  the  work  there  seems  to  be  a  very  close  con- 
nection between  toughness  and  the  formation  of  vesicular 
structure  in  the  enamel,  for  in  every  case,  the  weakest  ena- 
mels are  those  in  which  the  vesicles  are  most  prominent. 
These  are,  of  course,  not  visible  to  the  unaided  eye  but  can 
8,      Reference  No.  3. 
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only  be  detected  by  microscopic  examination,     i^urthermore , 
enamels  containing  cobalt  oxide  are  tougher  than  enamels 
containing  any  of  the  other  oxides  and  they  also  possess 
fewer  and  smaller  bubbles  if  any  at  all. 

i.Ienzel's  theory  in  regard  to  the  reduction  of  the  Fe^O^ 
on  the  iron  is  evidently  wrong  for  it  seems  reasonable  that  a 
increase  in  the  amounts  of  manganese  or  iron  oxides  could 
be  made  to  furnish  enough  material  to  reduce  the  iron  oxide. 
However,  the  results  of  this  work  do  not  show  that  this  is 
true  for  increasing  amounts  of  the  manganese  and  iron  oxid- 
es do  not  decrease  the  bubbling,  nor  do  they  add  to  the  ad- 
hesiveness of  the  ground  coat. 

Dr.  Vondracek's  theory  seems  to  a^ree  with  the  results 
obtained  in  this  work,  but  does  not  necessarily  confirm 
Vondracek's  theory.     It  certainly  has  been  shown  clearly  that 
all  enamels  free  from  vesicular  structure  (fine  gas  bubbles) 
are  toughest.    At  the  same  time,  cobalt  oxide  apparently 
is  the  most  powerful  factor  in  bringing  about  a  sound  micro- 
scopic structure  of  the  ground  coat  which  may  or  may  not 
be  connected  with  the  fact  that  the  oxide  produces  fusions 
of  low  viscosity  from  which  any  occluded  gas  could  be  more 
readily  eliminated  than  from  a  more  viscous  fusion. 
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SUMMARY 

From  the  results  of  this  work  there  appears  to  be  a 
decided  advantage  in  the  joint  use  of  the  cobalt  and  nickel 
oxides,  for  all  combinations  of  these  oxides  give  good  tough 
enamels.     If  cobalt  oxide  were  used  alone,  a  larger  amount 
of  it  would  have  to  be  used  in  the  batch  to  give  the  re- 
quired toughness  to  the  enamel.    At  the  best  this  is  only 
a  small  amount  and  any  error  in  the  amount  of  cobalt  oxide  add 
ed  would  make  a  considerable  difference  in  the  quality  of 
the  ground  coat.     In  adding  nickel  oxide,  about  3  parts  are 
added  for  each  part  of  cobalt  oxide  replaced.     Nickel  oxide 
is  cheap  as  compared  with  cobalt  oxide  so  there  would  be  no 
increase  in  the  cost  of  the  enamel  because  of  this  addition. 
Any  slight  error  in  the  additions  of  nickel  oxide  or  cobalt 
would  not  affect  the  ground  appreciatively,  as  there  would 
still  be  enough  metallic  oxides  to  make  a  good  ground. 

.mother  objection  to  the  use  of  cobalt  oxide  alone,  is 
the  blue  color  developed  on  burning.     In  proper  firing,  a 
ground  containing  both  cobalt  and  nickel  oxides,  the  color 
gradually  changes  from  a  blue  to  a  black.     This  is  usually 
the  only  criterion  used  in  commercial  work  to  denote  the  pro- 
per burning  of  a  ground  coat  and  it  is  such  a  reliable  indi- 
cation that  the  use  of  cobalt  and  nickel  is  strongly  advocat- 
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ed  for  the  production  of  good  ground  coats. 

As  a  final  conclusion,  the  following  combination  of 
the  metallic  oxides  is  suggested  as  the  best  for  a  ground 
coat  of  high  quality: - 

.4  %  CoO 

.75/0  NiO 

Altho  white  ground  coats  may  be  produced  by  omitting 
the  coloring  oxides,  they  are  not  positive  enough  for  com- 
mercial practice,  and  it  is  doubtful  whether  the  saving  de- 
rived from  the  use  of  a  white  ground  coat  would  justify  the 
risk  taken  in  the  production  of  high  grade  ware. 
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